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INTRODUCTION
Brain edema and encephalopathy are severe central nervous system complications of acute liver failure (ALF). Brain edema frequently results in increased intracranial pressure leading to death by brain herniation. Despite several decades of investigation, the precise mechanisms responsible for brain edema in ALF are not completely understood. Both biochemical and spectroscopic studies suggest that reductions of osmosensitive substances such as myoinositol [9] and [11] and taurine [9] are compensatory mechanisms to reduce the increased intracellular osmolarity caused by increased brain concentrations of glutamine [2] and [3] in both human and experimental liver failure. However, these findings occur both in ALF and chronic liver failure whereas brain edema sufficient to cause increased intracranial pressure occurs primarily in ALF.
Increased brain glutamine in animal models [2] , [12] , [17] , [20] , [25] , [26] , [31] and [25] as well as autopsied brain tissue from patients [28] with ALF have long been suggested to be a major factor determining brain edema and encephalopathy in this condition. However, an accumulating body of evidence suggests that other factors such as hyperemia and/or increased brain lactate production are also involved [6] , [7] , [15] , [16] and [35] . Mild hypothermia prevents brain edema and is currently undergoing evaluation in the management of patients with ALF [14] . It has been shown that hypothermia prevents the increase of brain lactate synthesis, but not glutamine accumulation in experimental ALF [6] . Given the proposed role of changes in intracellular osmolarity caused by glutamine accumulation in the pathogenesis of brain edema in ALF, the present study was designed to evaluate the effects of ALF due to hepatic devascularization on the concentrations of brain glutamine and other osmolytes in relation to the severity of encephalopathy and brain edema. In addition, the effects of mild hypothermia (35 °C) on brain organic osmolyte concentrations in relation to the severity of encephalopathy and presence of brain edema were investigated. 1 H-NMR spectroscopy was employed for the simultaneous measurement of glutamine, myo-inositol and taurine.
MATERIALS AND METHODS

Experimental animal model of acute liver failure (ALF)/surgical procedures
ALF was induced in adult male Sprague-Dawley rats (175-200 g) by portacaval anastomosis (PCA) followed by hepatic artery ligation (HAL) [35] . In brief, rats were anesthetized with halothane, the inferior vena cava and portal vein were isolated, the inferior vena cava was partially clamped (anastomosis clamp, Roboz Instruments, Washington, DC), and an elliptical piece of vein 1.5 times the portal vein diameter was removed. The portal vein was ligated and cut, and an end-to-side anastomosis performed under a dissecting microscope. Total surgery time was <15 min. In sham-operated control rats, the inferior vena cava and portal vein were occluded for 15 min. Following surgery, all animals were housed individually under constant conditions of temperature, humidity, and light cycles and were allowed free access to standard laboratory chow and water. Overall mortality for shunted rats was less than 5%. Forty-eight hours after PCA surgery, animals were anesthetized with halothane and subjected to hepatic artery ligation (HAL) or laparotomy (controls). Following HAL, body temperatures were monitored continuously and maintained at 37 or 35 °C by means of thermal pads and heating lamps (hypothermia occurred spontaneously in the absence of external heating). Animals were assessed neurologically every 30 min during progression of ALF. Animals that could no longer right themselves after being placed on their backs were considered to be in precoma stage of encephalopathy; animals in which both righting ability and corneal reflex could not be elicited were considered to be in coma. Hypothermic rats were sacrificed post HAL at times paired to comatose normothermic rats. All animals received humane care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH publication 6-23 (revised), 1985) and the Animal Ethic's committee of the University.
Preparation of brain extracts
Groups of sham-operated control rats, and hepatic devascularized rats maintained at 37 °C (normothermic ALF rats) or at 35 °C (hypothermic ALF rats) were sacrificed by decapitation. Brain tissue was immediately frozen in liquid nitrogen. The samples were powdered over liquid nitrogen. Blood and tissue samples were extracted with 12% perchloric acid as previously described [35] .
NMR spectroscopy
Lyophilized extracts of brain tissue and blood plasma were dissolved in 0.6 ml D2O and centrifuged. The pH was adjusted to 7.0 with DCl and NaOD. 1 H-NMR spectra were recorded on a Bruker spectrometer DRX 600, operating at a frequency of 600 MHz. Spectra were recorded with a 5-mm H,C,N inverse triple resonance probe, 400 accumulations, repetition time 15 s, spectral width 7183 Hz (DRX 600) or 3623 Hz (AM/AMX 360). Chemical shift values indicated are with reference to lactate at 1.33 ppm.
Quantification of metabolite concentrations
The concentrations (μmol/g tissue) of metabolites were determined from fully relaxed 1 H-NMR spectra of brain tissue extracts using lactate as an internal standard. Lactate concentrations were determined enzymatically (adapted for measurement in 96-well microtiter ELISA plates) using a commercially available kit (Roche Molecular Biochemicals, Mannheim, Germany). Postmortem changes were evaluated by measurement of the metabolites after varying intervals of the time between decapitation and freezing in liquid nitrogen. All metabolites, measured in this study, were stable for at least 30 min at 0 °C.
Statistical analysis
NMR studies were carried out in 9 sham-operated controls and 27 hepatic devascularized rats (normothermic ALF rats at precoma stage: n=8, normothermic ALF rats at coma stages: n=9, and hypothermic ALF rats: n=10). Data are expressed as mean±S.D. Data between individual groups were analyzed using two-way ANOVA and post hoc Tukey test. Differences were considered significant when p<0.05 ( † significantly different from sham-operated controls;
‡ significantly different between hypothermic and normothermic ALF groups; *p<0.05).
Brain water measurement
Water content of the brain (percentage) was measured gravimetrically using a density gradient of bromobenzenekerosene precalibrated with K2SO4 as previously described [18] . Eight measurements were made per animal, and values were arithmetically averaged.
RESULTS
Hepatic devascularization resulted in a reproducible time-dependent appearance of encephalopathy defined by loss of righting reflex (precoma stage), progressing to loss of both righting and corneal reflexes (coma stage) and a sequential increase in brain water content as shown in Table 1 . Mild hypothermia completely prevented both the encephalopathy and brain edema associated with hepatic devascularization. Segments of typical 1 H-NMR spectra of brain extracts from a sham-operated control rat, a hepatic devascularized rat maintained at 37 °C sacrificed at precoma stage of encephalopathy (ALF-37, precoma), and a hepatic devascularized rat maintained at 37 °C and sacrificed at coma stage of encephalopathy (ALF-37, coma), compared to a hepatic devascularized rat free from encephalopathy due to its being maintained at 35 °C (ALF-35) are shown in Fig. 1 Mean values from 8 to 10 animals per group of concentrations of glutamine, myo-inositol and taurine are shown in Table 2 . ALF under normothermic conditions (ALF-37) results in substantial increases of the Gln resonances, whereas myo-inositol and taurine signals are concomitantly decreased in the brains of these animals. While Gln remains unchanged at coma stages compared to precoma stages of encephalopathy, further decreases of myoinositol and taurine occurs at coma stages. Mild hypothermia (ALF-35) led to normalization of the taurine resonances, and near-normalization of myo-inositol (p<0.05 compared to ALF-37), but had no effect on Gln concentrations. Concentrations of metabolites were calculated by integration of the respective peaks in 1H-NMR spectra ( Fig. 1 ) of brain extracts obtained from sham-operated control rats, rats with ALF maintained at 37 °C at precoma or coma stages, and rats with ALF maintained at 35 °C (ALF-hypothermia time matched to ALF-37 coma). Values are given in μmol/g wet weight and represent means±S.D. Number of animals indicated in parenthesis.*Significantly different from controls (p<0.05), by two-way ANOVA and post hoc Tukey test). †Significantly different between hypothermic and normothermic ALF rats (p<0.05), by two-way ANOVA and post hoc Tukey test).
Changes in the sum of brain organic osmolytes are summarized in Fig. 2 . The sum of organic osmolytes was increased in the brain of ALF rats at precoma stages to 200% of sham-operated controls (p<0.05), but was not increased further at coma stages in normothermic ALF rats. Mild hypothermia caused a further increase in the sum of organic osmolytes (p<0.05 compared to normothermic ALF rats at coma stages). Table 1 ; *significantly different from sham-operated controls; †significantly different between hypothermic (ALF-35) and normothermic (ALF-37 coma) groups; by two-way ANOVA and post hoc Tukey test).
DISCUSSION
It is well established that hyperammonemia plays a key role in the pathogenesis of ALF. For example, arterial ammonia concentrations show a significant positive correlation with the encephalopathy in patients with ALF [8] . Furthermore, both human [28] and experimental ALF resulting from hepatectomy [11] , hepatic devascularization [17] , [20] , [31] and [35] or toxic liver injury [26] are all associated with increased brain concentrations of glutamine, a finding which has been attributed to increased removal of ammonia by brain via the activity of glutamine synthetase, a predominantly astrocytic enzyme. It has been proposed that the intracellular accumulation of glutamine is a major cause of cell swelling leading to brain edema in ALF [3] . In favour of this mechanism, pretreatment of the animals with the glutamine synthetase inhibitor methionine sulfoximine (MSO) prior to hepatic desvascularization significantly diminished brain water accumulation [3] . Based upon these findings, preliminary 1H-NMR studies in patients with ALF suggest that monitoring of the α-proton of glutamine could be useful for assessment of encephalopathy in these patients [21] . However, despite several experimental data supporting glutamine as accumulating osmolyte in HE, whether or not glutamine accumulation is a major cause for the development of brain edema in ALF is uncertain Furthermore, a previous study [35] did not reveal any significant correlations between either brain glutamine concentrations or glutamine synthesis with the severity of encephalopathy or occurrence of brain edema in experimental ALF. Results of the present study confirm and extend these negative findings. Furthermore, they demonstrate that mild hypothermia sufficient to prevent encephalopathy and brain edema in rats with ALF due to hepatic devascularization does not result in significant reductions of brain glutamine, confirming that glutamine accumulation does not play a major role in the development of brain edema in this model of ALF [6] and [35] .
It has also been proposed that reductions in brain concentrations of myo-inositol, an important organic osmolyte [13] , which is localized predominantly in glia [5] , are implicated in the pathogenesis of ammonia-induced brain edema [9] . Indeed, both biochemical and spectroscopic studies in experimental liver failure [9] and [11] as well as in ammonia-treated cultured astrocytes [23] provide evidence for decreased brain myo-inositol concentrations concomitant with cell swelling. Results of the present study are consistent with these findings. McConnell et al. [19] reported decreased myo-inositol in brain of patients with ALF, and normalization of myo-inositol decrease was observed in the brain of a patient with ALF after clinical recovery [11] . More convincing evidence for a role of myoinositol in the pathogenesis of brain edema in ALF is provided by results of the present study showing a significant attenuation of brain myo-inositol concentrations following the prevention of brain edema by mild hypothermia.
Studies in cultured cortical astrocytes [25] as well as in vivo perfusion studies [32] suggest that taurine is released from astrocytes during regulatory volume decrease. By this means, taurine release by astrocytes into the extracellular fluid may represent an osmoregulatory mechanism whereby the brain attempts to compensate for cell swelling in ALF [31] . Results of the present study suggest that taurine may play an important role in the pathogenesis of both encephalopathy and brain edema in ALF, given the finding that mild hypothermia sufficient to prevent both encephalopathy and brain edema in these animals is accompanied by a complete normalization of brain taurine concentrations. However, in addition to its role in astrocytic volume regulation, taurine is also highly concentrated in neurons [22] , and is released from these cells during hypoosmotic stress [22] . Thus, the cellular origin of taurine release in brain in ALF is still unclear. In addition, ammonia-induced taurine release is not necessarily related to a cell volume regulatory response [33] and [34] . It remains to be determined whether previously reported taurine release into the extracellular space [4] or changes in cerebrospinal fluid (CSF) taurine concentrations [31] are implicated in the pathogenesis of encephalopathy or brain edema in ALF.
The lack of correlation between changes in the sum of organic osmolytes with severity of encephalopathy in ALF suggests that the decrease of brain myo-inositol and taurine may not adequately compensate for the increased intracellular osmolarity caused by glutamine accumulation. Other mechanisms which have been proposed include impaired glucose (pyruvate) oxidation leading to brain lactate accumulation [6] and [35] and cerebral hyperemia [7] , [15] and [16] . For example, a significant correlation exists between brain lactate concentrations and both encephalopathy grade [24] and [35] and EEG changes [10] in ALF. 13C-NMR studies show that mild hypothermia (35 °C), which prevents the encephalopathy and brain edema in experimental ALF, selectively normalizes brain lactate synthesis, but has no effect on glutamine synthesis. Furthermore, results of in vitro studies confirm that lactate exposure leads to astrocyte swelling [30] . A role of hyperemia in the pathogenesis of ALF, on the other hand, is supported by the measurement of hemodynamic changes in comatose patients with ALF [15] , and studies by Chung et al. [7] demonstrate that indomethacin prevents brain edema, as well as the increase in cerebral blood flow and intracranial pressure in experimental ammonia-induced edema in liver failure.
Although glutamine may have only a limited role for the development of brain edema in ALF, glutamine has the potential to exert secondary effects, which may aggravate ammonia-induced impairment of mitochondrial brain energy metabolism [1] . For example, like ammonia, glutamine also induces the mitochondrial permeability transition [27] , and mediates the generation of free radicals in cultured astrocytes [21] .
In summary, the present study using high-resolution 1H-NMR spectroscopy demonstrates that experimental ALF results in selective changes in brain organic osmolytes as a function of the degree of encephalopathy and brain edema. Moreover, the findings of significant reductions in severity of brain edema and encephalopathy in ALF by hypothermia, together with significant attenuation of the decreases of myo-inositol and taurine, suggest a role of these osmolytes in the pathogenesis of these central nervous system complications of ALF and provide a rationale for the continued use of hypothermia in its management.
